Nucleotide excision repair (NER) in yeast is effected by the concerted action of a large complex of proteins. Recently, we identified a stable subcomplex containing the yeast Rad7 and Rad16 proteins. Here, we report the identification of autonomously replicating sequence binding factor 1 (ABF1) as a component of the Rad7/Rad16 NER subcomplex. Yeast ABF1 protein is encoded by an essential gene required for DNA replication, transcriptional regulation, and gene silencing. We show that ABF1 plays a direct role in NER in vitro. Additionally, consistent with a role of ABF1 protein in NER in vivo, we show that certain temperature-sensitive abf1 mutant strains that are defective in DNA replication are specifically defective in the removal of photoproducts by NER and are sensitive to killing by ultraviolet (UV) radiation. These studies define a novel and unexpected role for ABF1 protein during NER in yeast.
Autonomously replicating sequence (ARS) binding factor 1 (ABF1) is an abundant DNA-binding protein encoded by an essential gene in Saccharomyces cerevisiae (Rhode et al. 1992 ). ABF1 recognizes a specific DNA sequence motif present at numerous sites in the yeast genome, including ARS's, promoter elements and mating-type silencing sequences (Rhode et al. 1992) . Genetic analyses have demonstrated that ABF1 protein plays roles in ARS activity during DNA replication, transcriptional activation, and transcriptional silencing of HM mating-type loci (Diffley and Stillman 1989; Rhode et al. 1989; Walker et al. 1989 ).
ARS's contain multiple functional elements (Marahrens and Stillman 1992; Rao et al. 1994; Rao and Stillman 1995) . Element A is required for binding of the origin recognition complex (ORC) (Marahrens and Stillman 1992; Rao et al. 1994; Rao and Stillman 1995) , whereas element B1 participates in ORC-DNA interactions. Element B3 has been identified as the ABF1-binding site (Marahrens and Stillman 1992; Rao et al. 1994; Rao and Stillman 1995) . Additionally, temperature-sensitive abf1 mutants have been shown to be defective in DNA replication (Rhode et al. 1992) , providing direct genetic evidence for a role of ABF1 protein in the initiation of DNA replication.
With respect to its role in transcription, ABF1-binding sites have been identified in the promoters of genes and mutational analysis has revealed both positive and negative regulatory effects on gene expression (Brand et al. 1987; Buchman and Kornberg 1990; Della Seta et al. 1990) . Transcriptional silencing of mating-type loci in yeast is effected by localized alterations in chromatin structure (Rine and Herskowitz 1987) . Silencing also requires the presence of cis-acting elements (which include an ARS), trans-acting factors such as histones H3 and H4, RAP1 protein, the Sir proteins, and ABF1 (Klar et al. 1979; Feldman et al. 1984; McNally and Rine 1991) . A direct role for ABF1 protein in silencing has been established by the isolation of temperature-sensitive alleles of ABF1 that are specifically defective in this modality (Loo et al. 1995) .
In contrast to most genes required for the process of nucleotide excision repair (NER) in yeast, the Rad7 and Rad16 proteins appear to play a specialized role in this process. They are required specifically for the removal of pyrimidine dimers from transcriptionally repressed regions of the genome, (such as the HM mating-type loci), but not from their transcriptionally activated homologs (Terleth et al. 1990; Verhage et al. 1994) . Additionally, Rad7 and Rad16 are required for NER of the nontranscribed strand of transcriptionally active genes, but not for repair of the transcribed strand of such genes (Terleth et al. 1990; Verhage et al. 1994 ). The precise role of Rad7 and Rad16 proteins during NER of these structurally distinctive regions of the genome is not clear, nor have higher eukaryotic homologs of these proteins been identified. Paetkau et al. (1994) reported an interaction of Rad7 protein with Sir3, a protein involved in silencing of mating-type loci. However, current evidence suggests that Rad7 is not directly involved in gene silencing, and there are no indications that factors required for gene silencing are also involved in NER.
Another feature that distinguishes the RAD7 and RAD16 genes from most other genes involved in NER in yeast is that deletion of either of these genes confers only moderate sensitivity to ultraviolet (UV) radiation (Terleth et al. 1990 ). Furthermore, extracts of rad7 and rad16-deletion mutants are not defective in the early event of damage-specific DNA incision during NER in vitro or in vivo (Reed et al. 1998) . However, such mutants are severely deficient (but not totally defective) in post-incision oligonucleotide excision and repair synthesis of DNA in vitro (Reed et al. 1998 ). These observations have led to the suggestion that the Rad7 and Rad16 proteins play a role in the displacement (excision) of oligonucleotide fragments generated by the bimodal incision reaction. This process may in turn be directly coupled to dissociation of the bound NER machinery from DNA and/or to chromatin modulation during NER. In this regard, it is of interest that Rad16 is a member of the SWI/ SNF superfamily of ATPases, each of which is believed to be a subunit of a chromatin-modulating complex (Bang et al. 1992 ).
Here we report an unexpected role for ABF1 protein in NER in yeast. We show that ABF1 protein copurifies with the yeast Rad7 and Rad16 proteins [which form a stable complex both in vivo and in vitro (Wang et al. 1997; Reed et al. 1998 ) through multiple fractionation steps. A mutant strain depleted of ABF1 protein by the N-degron strategy (Dohmen et al. 1994 ) is both sensitive to killing following exposure to UV radiation, and defective in NER in vitro. Furthermore, defective NER in vitro can be specifically complemented with purified recombinant ABF1 protein. Finally, a subset of conditional-lethal abf1 mutants shown previously to be defective in DNA replication are now shown to be sensitive to killing by UV light, but not to agents that produce DNA damage that is repaired by pathways distinct from NER. Furthermore, we demonstrate that the UV radiation sensitivity of these mutants directly correlates with an inability to remove UV radiation-induced lesions in DNA.
Results

ABF1 copurifies with Rad7 and Rad16 proteins
Recently, we reported the purification of a Rad7/Rad16-containing protein complex (Reed et al. 1998) . Gel filtration of the purified complex revealed an apparent molecular mass of ∼300 kD (Reed et al. 1998) , significantly larger than the summed molecular masses of Rad7 and Rad16 (∼190 kD) . In the present studies, electrophoretic analysis of the purified complex revealed that the larger of two bands identified (∼112 kD), known by immunoblotting to contain Rad16 protein, stained more intensely than the Rad7 band (∼75 kD) (Fig. 1A) . Tandem mass spectrometry analysis of the 112-kD band revealed the presence of ABF1 protein in addition to the previously identified Rad16 protein (see Materials and Methods). We confirmed this result by immunoblotting with affinity-purified ABF1 antibody [see Materials and Methods (Diffley and Stillman 1988, 1989) , which does not cross react with Rad16 protein (Fig. 1B)] .
Details of the purification of Rad7/Rad16 complex have been reported previously (Reed et al. 1998) . Briefly, we His-tagged Rad7 protein and purified it on a nickel column as the first fractionation step. It should be noted that the His-tagged Rad7 strain expresses Rad7 at similar levels to the wild-type strain from which it was created. All Rad7 and Rad16 protein was immobilized on the nickel matrix and the two proteins copurified in subsequent purification steps. In contrast, we noted that ∼70% of the ABF1 protein was in the flow-through fraction from the nickel column. Hence, we estimate that only ∼30% of the cellular ABF1 protein is associated with Rad7 and Rad16.
Depleting ABF1 in cells results in UV radiation sensitivity and defective NER
ABF1 protein is encoded by an essential gene for which a limited repertoire of conditional-lethal mutants are available (Rhode et al. 1992) . Therefore, we investigated the functional significance of its physical association with the Rad7/Rad16 complex using an experimental approach that facilitates the temperature-dependent degradation of selected gene products in living yeast cells (the N-degron strategy) (Dohmen et al. 1994) . Fusing a temperature-dependent degradation signal to ABF1 generated a mutant strain designated abf1td, in which ABF1 protein could be selectively inactivated, thus obviating the need to laboriously screen for informative conditional-lethal mutants. shows the presence of Rad16 (∼112 kD) and Rad7 (∼75 kD) proteins. The purification protocol and gel electrophoresis procedures are as described previously (Reed et al. 1998) . The presence of these proteins was confirmed by Western blotting and by tandem mass spectrometry (see Materials and Methods). Note that the intensity of the 112-kD band is greater than that of the 75-kD band. (B) Western blot analysis shows cofractionation of purified ABF1, Rad16, and Rad7 proteins through a glycerol gradient as described (Reed et al. 1998 ). Antibodies to Rad7 and Rad16 were prepared as described (Reed et al. 1998 ). Antibodies to ABF1 protein are described in Materials and Methods.
As shown in Figure 2 , ABF1 protein was depleted progressively from extracts during 1-5 hr of incubation at the restrictive temperature (37°C). Rad7 and Rad16 proteins were also degraded under these conditions, but at a significantly reduced rate compared with ABF1 protein (Fig. 2) . The time required for steady-state levels of ABF1, Rad7, and Rad16 proteins to decrease by 50% under these conditions (measured by quantitative densitometry scanning) was calculated at 2, 3.5, and 4 hr, respectively. Such degradation was not observed in wild-type strains at 37°C (data not shown). Additionally, other NER proteins such as Rad23 (Fig. 2) , as well as several cross-reacting proteins (Fig. 2b) , showed no obvious degradation over a 5-hr period at 37°C. The codegradation of Rad7 and Rad16 with ABF1 provides supporting evidence that the three proteins exist in a complex in vivo.
To correlate the temperature-dependent degradation of ABF1 protein with defective NER, we prepared wholecell extracts (WCE) from the abf1td strain held at the restrictive temperature (37°C) for 4 hr. Under these conditions, ABF1 protein was depleted ( Fig. 3A ), but Rad7 protein ( Fig. 3B ) and Rad16 protein ( Fig. 3C ) were still readily detectable by immunoblotting. We tested the NER activity of this extract and showed it to be severely deficient compared with extracts prepared from the abf1td strain maintained at the permissive temperature (23°C), but comparable with a known NER-defective rad2 mutant (Fig. 4 , cf. lanes 1-3 and lanes 11-13). Defective NER in the ABF1-depleted extract was complemented by mixing with an extract from the rad2 mutant (Fig. 4, cf. lanes 11-14) , demonstrating that the extract was not nonspecifically inactivated. Furthermore, the addition of purified recombinant ABF1 protein expressed in baculovirus (see Materials and Methods) and hence free of any yeast Rad7 and Rad16 proteins, restored repair synthesis in abf1td mutant extracts (Fig. 4 , lanes 4-6), but not in rad2 mutant extracts (data not shown). Purified ABF1 protein had no stimulatory effect on repair synthesis in extracts of a wild-type strain (data not shown). Finally, purified ABF1 did not complement defective repair synthesis in either rad7 or rad16 singlemutant extracts (data not shown), nor in rad7/rad16 double-mutant extracts (Fig. 4, lanes 8-10) . These results demonstrate a direct role for ABF1 protein in NER in vitro. An N-degron strain was constructed that expresses a temperature-degradable ABF1TD fusion protein (Dohmen et al. 1994) . When this strain was maintained at 37°C for varying periods of time, there was a progressive loss of the ABF1TD fusion protein as monitored by Western blotting with monoclonal antibodies to an HA epitope in the protein (A). Rad7 (B) and Rad16 protein (C) were also degraded, but the rate of this degradation was significantly slower than that of the ABF1TD fusion protein. Rad23 protein (D) and various other proteins that cross-reacted with the antibodies (e.g., the lower band in B) did not show detectable degradation. Antibodies to Rad23 protein were prepared as described (Wang et al. 1997 ). . Western blot analysis shows that when the abf1td mutant strain was maintained at an elevated temperature, ABF1 protein in extracts competent for NER is depleted (A). The protein was detectable in an extract prepared from the abf1td strain maintained at the permissive temperature and in a rad7/rad16 double-deletion mutant strain (A). Under these conditions, Rad7 protein was detected in extracts of the abf1td strain but not in extracts of the rad7/rad16 double-deletion mutant (B). The center lane in B was deliberately overloaded to demonstrate the absence of Rad7 protein. The band migrating at a higher molecular mass than Rad7 (*) is a nonspecific cross-reacting species in this strain. (C) Similar data for Rad16 protein. . NER was measured by monitoring repair synthesis of a plasmid substrate carrying defined base damage (bottom bands) relative to the levels of nonspecific DNA synthesis in a larger control plasmid (top bands). The details of this assay are as described (Wang et al. 1997) . (A) Ethidium-stained gels indicating the relative amounts of DNA loaded. (B) An autoradiograph of the gel. ABF1 + extracts (ABF1 TD ) prepared from the abf1td strain at the permissive temperature support robust repair synthesis (lane 1). However, such synthesis is defective in a rad2 deletion mutant known to be required for NER (lanes 2,12) , and in extracts of a rad7/rad16 double-deletion mutant (lane 7). Defective or deficient NER is also observed in extracts of a strain expressing temperature-degradable ABF1 protein (lanes 3,13) . Defective NER is complemented by mixing rad2 mutant and ABF1-depleted (by temperature degradation) extracts (lane 14), or by adding increasing amounts of purified ABF1 protein to the ABF1-depleted extracts (lanes 4-6) . Addition of ABF1 protein has no effect on the level of repair synthesis in the rad7/rad16 deletion mutant (lanes 8-10) .
DNA-binding domain mutants of ABF1 are sensitive to UV radiation
Conditional-lethal abf1 mutants have been isolated in two independent laboratories on the basis of screens for defective transcriptional silencing (Loo et al. 1995) and defective DNA replication (Rhode et al. 1992) . Sensitivity of the former mutants to UV radiation was examined at nonpermissive and permissive temperatures for silencing. No increased UV-radiation sensitivity was observed under the latter conditions (data not shown), suggesting that the silencing function of ABF1 protein does not play a role in NER. In contrast, when we examined conditional-lethal mutants obtained from a screen for defective DNA replication, a strain designated abf1-1 with a mutation in the DNA-binding domain of ABF1 protein (Rhode et al. 1992) , was clearly sensitive to UV light at the semipermissive temperature of 32°C (Fig. 5) . The abf1-1 mutant strain was not abnormally sensitive to the DNA-damaging agents methylmethane sulfonate or hydrogen peroxide. Both of these agents are known to produce DNA damage that is repaired by pathways other than NER (Friedberg et al. 1995 ; data not shown). A second independently isolated mutant strain (abf1-2) shown to carry an identical mutation in the ABF1 DNA-binding domain (Rhode et al. 1992 ) was also abnormally sensitive to killing by UV light (data not shown). A third replication-defective strain (abf1-5), which carries a mutation outside of the DNA-binding motif and is not defective in binding the ABF1 recognition sequence (Rhode et al. 1992) , was not abnormally sensitive to UV radiation (Fig.  5) . These observations indicate an in vivo role of ABF1 in DNA repair and specifically implicate the DNA-binding domain of the protein in this process.
DNA-binding domain mutants of ABF1 are defective in photoproduct removal in vivo
To directly examine the in vivo removal of DNA damage following exposure to UV radiation, we used a slot blot assay. This assay monitors the loss of cyclobutane pyrimidine dimer (CPD) and 6-4 photoproducts from genomic DNA with specific monoclonal antibodies raised against these lesions (Mori et al. 1991) . Figure 6 shows the kinetics of the loss of 6-4 photoproducts in the abf1-1 (Fig. 6B ) and abf1-5 (Fig, 6A) mutants and in the wildtype parental strain (Fig, 6A,B) . The abf1-1 mutant is defective in the removal of these lesions compared with the wild-type parental strain at the semipermissive temperature of 32°C (Fig. 6B, cf. lanes 3 and 4) . In contrast, both the abf1-5 strain and the wild-type parental strain showed a progressive loss of lesions as a function of time at this temperature (Fig. 6A, cf. lanes 3 and 4) . At the permissive temperature of 23°C, lesion removal was observed in all strains. However, even under these conditions the kinetics of lesion removal in the abf1-1 strain was reduced compared with wild type (Fig. 6A and B, lanes 1 and 2).
Most temperature-sensitive mutations in yeast reflect amino acid changes that result in destabilization of proteins at elevated temperature. Such mutations often result in alterations of some (but not all) phenotypes even at the permissive temperature. For example, Rhode et al. (1992) reported that at the permissive temperature, the ABF1-1 mutant protein was not able to bind the ABF1-binding site (a requirement for DNA replication), yet the strain showed no obvious replication defect. Therefore, they suggested that the protein must bind its cognate site to some extent in vivo. We pro- Figure 5 . UV-radiation sensitivity of the abf1-1 and abf1-5 mutants. Survival was measured by quantitating colony-forming ability as described (Huang et al. 1998 ) at the highest temperature at which the strains could grow (32°C for abf1-1 and 28°C for abf1-5). () Wild type at 32°C; (छ) abf1-1 at 32°C; (᭝) abf1-5 at 28°C; (᭹) wild type at 28°C. Figure 6 . Kinetics of the loss of UV radiation-induced 6-4 photoproducts from genomic DNA. Removal of (6-4) photoproducts was measured by an immunological slot blot assay (see Materials and Methods). Monoclonal (6-4) photoproduct antibodies are used as a probe for the presence of these lesions in genomic DNA following exposure of the cells to UV and their subsequent incubation at the noted conditions to allow for DNA repair. Strains were maintained at the permissive (23°C) and semipermissive (32°C) temperatures (see Materials and Methods and Results for details).
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Essentially similar results were obtained when the removal of CPD was analyzed (data not shown). These observations correlate the UV sensitivity of the abf1-1 and abf1-2 mutants directly with an inability to remove UV radiation-induced lesions from their DNA.
Discussion
In the present study, we have demonstrated that ABF1 protein is a component of a subcomplex of the nucleotide excision repairosome. Our experiments show that in addition to its previously noted roles in DNA replication, transcription, and gene silencing, ABF1 protein is involved directly in the process of NER. ABF1 is therefore identified as a novel DNA repair protein.
The association of this protein with the Rad7/Rad16 protein subcomplex, which is required for events during NER that follow bimodal damage-specific incision of DNA, suggests that like Rad7 and Rad16 proteins, ABF1 subserves a role in specialized functions during NER. Our experiments demonstrate that abf1 mutants that harbor mutations in the DNA-binding domain of the protein, and hence are defective in their ability to bind the ABF1 DNA recognition sequence, are also UV-radiation sensitive and defective in NER of photoproducts. In contrast, abf1 mutants that are DNA-replication defective, but carry mutations in other regions of ABF1, are not sensitive to killing by UV radiation and are NER proficient.
A possible explanation for these findings is that the overall ability of the ABF1 protein to nonspecifically bind DNA is altered in the abf1-1 and abf1-2 mutants, resulting in defective DNA repair. A more intriguing scenario is that ABF1-binding sites play a specific role in NER similar to that during DNA replication. We estimate that there are ∼2000 ABF1-binding sites in the yeast genome. Conceivably, the efficiency of NER in yeast is influenced by the proximity of this process to such sites. In this regard, it is provocative that Rad16 is a member of the SWI/SNF family of DNA-dependent ATPases involved in chromatin remodeling.
Previous biochemical studies with a reconstituted in vitro NER assay have shown that Rad7 and Rad16 stimulate the NER reaction (Guzder et al. 1997) . The authors note that the ATPase activity of Rad16 is attenuated in the presence of high levels of damage, and suggest that the complex plays a role in scanning for DNA damage. Future studies are necessary to elucidate the precise role of ABF1 protein and the ABF1 DNA-binding site in the process of NER.
Materials and methods
Yeast strains
The RAD + strain W303-B (MATa, 112, 15, and the isogenic strains MGSC104 (rad7::LEU2), MGSC97 (rad7::URA3), and W303236 (rad16::URA3) were generously supplied by Dr. Jaap Brouwer (University of Leiden, The Netherlands). Other strains used were SX46a (MATa, ade2, and its isogenic partners MGSC 139 (rad14::LEU2) and SX46a (rad1::URA3), ade2, . SX46A (ubr1::his3, ubr1::HIS3, isogenic to SX46A); SX46Aabf1td (abf1td, isogenic to SX46A); SX46A ubr1::HIS3, abf1td (abf1td, isogenic to ubr1::HIS3); YNN281 (MATa trp1D,  his3D200, ura3-52, lys2-801, ade2-1, gal) , JCA30 (YNN281, ABF1 HIS3); JCA31 (YNN281, abf1-1, HIS3; JCA32 (YNN281,  abf1-2, HIS3); JCA35 (YNN281, abf1-5, HIS3) . These strains were a generous gift from Judith Campbell (Caltech, CA). W303-1A (MATa, 15, 112, JRY3765 (MATa, ade2, 15, 112, ura3; JRY4996 (MATa1, ste14, ade2, 112, ura3 , were a kind gift from Jasper Rine (University of California). Yeast strains abf1td and ubr1::abf1td were maintained at 23°C in YPD medium supplemented with 0.5 mM CuSO 4 . The abf1 mutant strains from Jasper Rine and Judith Campbell were maintained on YPD at the permissive temperature of 23°C. The remaining strains were maintained at 30°C in YPD medium.
UV radiation sensitivity
Sensitivity to killing by UV radiation was measured by growing strains at the appropriate temperature (see below), following inoculation of starter cultures (5 ml) with a single colony and growing to late-log phase. An aliquot from this culture was then used to inoculate 25 ml of YPD and the culture grown to midlog phase prior to harvesting. Serial 10-fold dilutions were performed for each culture and cells were plated such that 200-300 colonies were expected to grow on unirradiated control plates. Irradiated plates were exposed to UV radiation from a germicidal UV lamp at a fluence of 1 J/m 2 per sec. Plates were incubated at the appropriate temperature in the dark until colonies were large enough to be counted. All manipulations were carried out in safe light to avoid photoreactivation. Experimental conditions for the survival of the abf1td mutant strain were as follows. Cells were grown overnight in YPD supplemented with CuSO 4 (5 mM) at 23°C. Following plating on YPD (supplemented with CuSO 4 ) and UV irradiation, cells were placed at 32°C to determine their survival. For the temperature-sensitive abf1 mutants defective in silencing, cells were grown overnight and incubated on plates post-irradiation at 23°C. Conditions for the abf1 mutant alleles temperature sensitive for replication were as follows: strains were grown overnight at 23°C and subsequently incubated at 32°C or 28°C (abf1-1 and abf1-5, respectively) to determine their UV sensitivity.
Plasmid construction
Plasmid pabf1td was derived from plasmid pPW66R containing the URA3 gene and Pcup1- vector] was generously provided by Dr. Alexander Varshavsky (Caltech). The cdc281-95 fragment was removed from pPW66R by digesting with HindIII. A 300-bp fragment of the ABF1-coding region was amplified by PCR using the following primers: 5ЈTATAGAAGCTTCCATG-GACAAATTAGTCGTGAATTATTATGA-3Ј 5Ј-TATAAAGC-TTAAAATGTTTGTTCCTATGCGAATTCTT-3Ј. The PCR product has HindIII sites engineered into both ends. Digesting the PCR product with HindIII enzyme generated an ABF1 fragment that could be cloned directly in frame in the td vector. The ligated product was used to transform Escherichia coli DH5 ␣ cells and transformants were selected. The ABF1 fragment could be cloned in either orientation and clones were tested and selected for ABF1 fragments in the correct orientation for ABF1 expression.
Construction of temperature-degradable yeast abf1 mutant strain
The pabf1td plasmid was linearized with a partial digest with NcoI, which cleaves within the ABF1 fragment. A second NcoI site exists within the URA3 selectable marker on the pPW66R vector. Therefore, partial digest conditions were necessary to linearize the plasmid. Yeast strains SX46A and SX46A ubr1::HIS3 were subsequently transformed. Recombinants of URA3 prototrophs were selected and integration of the abf1td allele into the genome was confirmed by Southern blot analysis.
Preparation of WCE from the abf1td mutant strain
Strain abf1td was grown at the permissive condition (23°C) in YPD supplemented with 0.5 mM CuSO 4 to mid-log phase and cells were collected by centrifugation. WCE containing levels of ABF1 produced at the permissive temperature were prepared as described previously (Wang et al. 1997 ). To deplete temperaturedegradable ABF1 protein in vivo, the cells were resuspended in YPD medium prewarmed to 37°C in the absence of CuSO 4 and incubated at 37°C for 1-5 hr prior to collection for preparation of WCE.
ABF1 protein and antisera
ABF1 protein was produced in a recombinant baculovirus vector. The ABF1 gene (Diffley and Stillman 1989) was cloned into the transfer vector pVL1392 and then inserted into BaculoGold baculovirus DNA (PharMingen). The resulting virus was plaque purified and ABF1 protein was purified from recombinant baculovirus-infected SF9 insect cells by a procedure similar to that described previously (Diffley and Stillman 1988) . Anti-ABF1p antibody was affinity purified as described (Diffley and Stillman 1989) .
In vitro NER
Yeast WCE capable of supporting NER were prepared as described previously (Wang et al. 1997) . NER was monitored by measuring DNA repair synthesis in pUC18 containing N-acetyl-2-aminofluorene (AAF) adducts. AAF-modified DNA was prepared by treating pUC18 with AAF and purifying the DNA on a 5%-20% sucrose gradient. Plasmid DNA was recovered from extracts by restricting with HindIII enzyme, which linearizes the substrate and reveals a discrete band in a 1% agarose gel following electrophoresis. In the standard NER assay that measures repair synthesis, an undamaged DNA template is used as an internal control. Background incorporation of radioactivity (typically ∼5% of that in the damaged plasmid) is subtracted from that incorporated in the damaged template. DNA was visualized in gels under UV light after staining with ethidium bromide. Repair synthesis was visualized by autoradiography of dried agarose gels and quantitated by PhosphorImaging.
Identification of ABF1 protein by tandem mass spectrometry
Details of the analysis are available on request. Proteins were proteolytically trypsinized in the gel. Extracted peptides were purified on a reverse-phase microcolumn and eluted in 60% methanol/5% formic acid into a nanoelectrospray capillary.
Tandem mass spectrometry was performed. From the 112-kD band, a peptide fragment (M r = 1791.88) identified uniquely the tryptic peptide comprising amino acids 638-652 of the ABF1 protein (NEDDKLPHEVAEQLR). Two other ABF1 peptides were sequenced from the same digest (data not shown).
In vivo DNA repair in abf1 mutant alleles
In vivo DNA repair was measured by growing the abf1-1 and abf1-5 mutant strains and isogenic parental strains at a permissive temperature of 23°C, by inoculating a starter culture (5 ml) with a single colony and growing to late-log phase. An aliquot from this culture was then inoculated to 100 ml of YPD and the culture grown to mid-log phase prior to harvesting. Cells were diluted in PBS to a cell density of 2 × 10 7 /ml. Prior to irradiation, samples were divided equally into two fractions and maintained for 3 hr at the permissive temperature of 23°C or the semipermissive temperature of 32°C for the abf1 mutant alleles. The strains were irradiated in dishes such that the depth of the cell suspension was <3 mm. Each strain was exposed to UV light at a dose of 20 J from a germicidal lamp at a fluence of 1 J/m 2 per sec. An unirradiated control sample was prepared, and irradiated samples were returned to their respective temperatures in the dark to allow for a period of repair. An aliquot from each sample was taken directly after irradiation. All manipulations were carried out in safe light to avoid photoreactivation. Samples were taken at the times indicated and genomic DNA prepared by standard techniques. Equal amounts (5 µg) of DNA from each time point were applied to Hybond N plus transfer membrane via a slot-blot transfer apparatus. DNA was denatured and fixed on the membrane by adding NaOH to a final concentration of 0.4 M to each DNA sample. Removal of UV radiation-induced photoproducts from genomic DNA was examined by Western blotting with monoclonal CPD or 6-4 photoproduct antibodies (Mori et al. 1991) .
